p53 is a nuclear protein that acts like a tumor suppressor and is involved in regulation of cellular growth. In Xenopus, the p53 protein is highly expressed during oogenesis and is strictly cytoplasmic in the oocyte. We have analysed its participation in DNA replication and transcription during early development, using the egg and oocyte as model-systems. The injection of sperm nuclei into Xenopus eggs is followed by DNA replication and mitotic events. We show that the endogenous p53 enters the nuclei and moves through a series of discrete subnuclear loci whose distribution is S-phase speci®c. A speci®c peripheral nuclear localization of p53 is observed before entry into S-phase, followed by an internal localization which is strictly dependent on ongoing DNA synthesis. At no stage in the cell cycle, however, did we observe any co-localization with RPA or PCNA, which were used as initiation or elongation markers for DNA replication. We also show that injection into the nucleus of the oocyte of small amounts of either Xenopus or human p53 ± less than 10% of the cytoplasmic storage ± is sucient to block RNA polymerase IIdependent transcription from a coinjected TATA-boxcontaining reporter plasmid. Transcription is rescued by microinjection of the TATA-box binding protein (TBP), suggesting that nuclear exclusion of p53 during oogenesis may be necessary for transcription of maternal genes. These characteristics are discussed in relation to the regulation of nuclear activities during early embryogenesis.
Introduction
The wild-type p53 gene acts like a tumor suppressor and has been shown to be implicated in the control of cell proliferation (Levine, 1997) . It encodes for a nuclear protein that may play an important role in preserving the integrity of the genome in response to DNA damage (Lane, 1992) and may also play a part in driving cells into apoptosis if the damage is too extensive (Liebermann et al., 1995) .
The main biochemical activity of p53 appears to bear on the regulation of transcription. Wild-type p53 is able not only to activate promoters possessing p53-binding sites (Fields and Jang, 1990; Raycroft et al., 1990; Farmer et al., 1992; Kern et al., 1992) , but also to inhibit promoters without binding sites (Ginsberg et al., 1991; Santhanam et al., 1991; Chin et al., 1992; Seto et al., 1992; Shiio et al., 1992; Subler et al., 1992; Jackson et al., 1993) . Transcriptional repression by p53 has been shown to involve its binding to TFIID through TBP, the TATA-binding protein (Deb et al., 1992; Seto et al., 1992; Chen et al., 1993; Liu et al., 1993; Martin et al., 1993; Truant et al., 1993; Chang et al., 1995; Liu and Berk, 1995; Farmer et al., 1996) .
Several genes involved in cell cycle and repair control are p53-dependent at the transcriptional level. These include mdm2, GADD45, PCNA and WAF1/ p21/CIP1, which is an inhibitor of cyclin-dependent kinases in G1 (reviewed in Ko and Prives, 1996) . There is also evidence that p53 plays a role in DNA replication. It was ®rst shown that p53 can bind to large T antigen, a DNA helicase directly involved in the initiation of SV40 DNA replication, and thereby inhibit its activity (Kress et al., 1979; Lane and Crawford, 1979; Braithwaite et al., 1987) . Dutta et al. (1993) also demonstrated that the interaction of p53 with the replication protein A (RPA), a single-strand DNA binding protein required for initiation of chromosomal replication, could contribute to the inhibition of cellular DNA replication in vitro. These properties led to the suggestion that p53 represses DNA replication by inhibiting the unwinding of the DNA at replication origins. Such a function is also in keeping with the observation that p53 can promote DNA or RNA re-annealing, a reaction which opposes the unwinding (Oberosler et al., 1993; Bakalkin et al., 1994 Bakalkin et al., , 1995 Brain and Jenkins, 1994. p53 is normally expressed at a very low level (Crawford et al., 1981; Benchimol et al., 1982; May et al., 1991) . Most of the results implicating p53 in either transcription or replication were obtained using in vitro systems in which p53 was over-expressed, thus representing non-physiological conditions. The Xenopus egg is an attractive system in which p53 is naturally expressed at a high level. The protein is synthesized during oogenesis and the store of maternal protein is stable during the ®rst rapid cell cycles that follow fertilization. Unusually, p53 is located in the cytoplasm of the oocyte, whereas a part of the maternal pool is found in the embryonic nuclei during the rapid cleavage stage that occurs in the absence of transcription (Tchang et al., 1993 and unpublished results) . Oocytes usually store an excess of the maternal proteins required for the series of cell divisions that occurs after fertilization (reviewed in Davidson, 1986) . A large store of p53 could, however, also be detrimental to gene expression, since p53 can repress TBP mediated transcription; the cytoplasmic location of p53 could be a means of avoiding transcriptional repression. We have addressed here these two possibilities. A potential involvement in DNA replication was investigated by analysis of the localization of endogenous p53 in dividing nuclei in vivo whereas a possible repressive eect on transcription was analysed by forced localization of p53 into the oocyte nucleus.
Results

Xenopus p53 migrates in the nuclei during S-phase
The oocyte is a cell in which division is arrested and, during oogenesis, maternal p53 accumulates in the cytoplasm. This contrasts with most other physiological situations in which the localization of p53 is nuclear. Following fertilization of the mature oocyte, a series of 12 rapid divisions occurs and we observed that a substantial amount of p53 could be found in the embryonic nuclei during this period (F Tchang unpublished results). We investigated the localization of p53 in relation to the cell cycle by microinjection of demembranated sperm nuclei into Xenopus eggs. Microinjection into unfertilized eggs triggers the activation of a cell cycle clock (Hara et al., 1980) and induces micro-injected nuclei to synthesize DNA (Gurdon, 1986) . We observed that, when sperm nuclei are injected, all the morphological changes previously described in vitro are reproduced Masui, 1983, 1984) , including the entry in S phase (Blow and Laskey, 1986) . We also noticed that this in vivo assay was more reliable than the in vitro assay in its ability to sustain several replication cycles. Initiation of DNA replication is detectable at 30 min post injection ( Figure 1a ) and one complete round of replication is obtained 70 ± 90 min after injection. The second round of DNA replication is slower and its kinetics depend on the amount of injected sperm nuclei. Br-dUTP density substitution experiments con®rm that DNA synthesis was due to semi-conservative DNA replication ( Figure 1b) .
The localization of the endogenous p53 was monitored after microinjection of sperm nuclei into the egg. Polyclonal antibodies obtained against p53 were further puri®ed by anity chromatography on p53 protein columns (Tchang et al., 1993) and used to detect changes in the cellular distribution of p53 (Figure 2 ). DNA replication was followed by incorporation of biotin-dUTP and detection of two protein markers of initiation (RPA) and elongation (PCNA) of DNA synthesis. RPA has been found speci®cally incorporated in pre-initiation replication centers Laemmli, 1992, 1994) . PCNA, a subunit of DNA polymerase d involved in DNA chain elongation, is associated with replication foci (reviewed in So and Downey, 1992) .
The distribution of p53 exhibits signi®cant variations throughout the cell cycle (Figure 2 ). Fifteen minutes after injection, the nuclei that have initiated their decondensation retain their characteristic sickle shape and have not yet replicated, as shown by the absence of dUTP labelling ( Figure 2b, d, f) . Pre-initiation centers, however, are already established, as demonstrated by the use of anti RPA antibodies, which produced a characteristic punctated pattern de®ning prereplication centers (Figure 2e ). During this stage, a p53 staining, that we reproducibly observed to be concentrated in a perinuclear fashion, becomes apparent (Figure 2a, c) . This peculiar staining was not observed with any of the other replication markers used in parallel, such as RPA, PCNA, MCM4, MCM3 or MCM5 (Figure 2 , CoueÂ et al., 1996 and unpublished results) . Forty minutes after injection, most nuclei had entirely decondensed their chromatin and initiated DNA replication. A punctated pattern of dUTP incorporation perfectly superimposes with that of RPA and PCNA ( Figure 3c , d and e, f); p53 still displays a predominant perinuclear pattern (Figure 3a) . At the end of S-phase, 60 min after injection, RPA becomes (Figure 3i ). At this stage, p53 exhibits homogenous staining all over the nuclear volume (Figure 3g ). At the metaphase-like stage, after the nuclear envelope has broken down, neither PCNA nor p53 are associated with the chromosomes (Figure 3k ). To con®rm the behaviour of p53 during the cell cycle, we analysed a series of 40 pictures taken at dierent times of the kinetic. The area of each nucleus was divided into 100 rings and p53 signals in each of these individual rings were recorded. The probability of obtaining a p53 signal within each individual sector of a nucleus, from the center to the periphery, was then calculated (Figure 4 ). p53 migrates from the nuclear periphery towards the center of the nucleus during the cell cycle. Interestingly, the perinuclear staining of p53 exhibits two discrete locations. It ®rst appears at the border of the nucleus in a form which may correspond to the docking of the protein at the nuclear periphery. Then, when DNA replication is initiated, a ring of p53 can be observed just beneath the nuclear border. The ring then disappears and p53 can be detected throughout the nucleus as DNA replication proceeds. This change in the sub-nuclear distribution of p53 is dependent on DNA replication, as shown in Figure 5 . In the presence of aphidicolin, an inhibitor of DNA replication, p53 remains perinuclear, whereas, in its absence, p53 diuses throughout the nucleus in correlation with DNA replication ( Figure 5) .
We concluded that endogenous Xenopus p53 enters the nuclei during the cell cycle. Although no direct association between the protein and pre-initiation or replication foci was observed, the changes in its subnuclear distribution correlate with the process of DNA replication.
p53 represses transcription in the oocyte when it is injected in the nucleus of the oocyte p53 represses transcription of TATA box-dependent promoters in vitro as well as in transfection assays. During oogenesis, transcription occurs at a high rate, supplying the maternal mRNAs that will support most of the activities necessary for early development. The unusual cytoplasmic location of a large store of maternal p53 could be a regulatory mechanism to avoid transcription repression in the oocyte nucleus and we have investigated this possibility.
A bacculovirus Xenopus recombinant p53 protein was puri®ed and micro-injected together with a reporter DNA containing the c-myc promoter, a TATA-box containing promoter. Endogenous Xenopus c-myc is highly expressed during oogenesis, then repressed during early development and reactivated after the MBT, like many constitutive genes (King et al., 1986; Taylor et al., 1986) . Prioleau et al. (1994) showed that this pattern of transcription was faithfully reproduced by micro-injection of the recombinant DNA. This promoter does not contain a reported consensus binding site speci®c for the trans-activating activity of p53 (reviewed in Ko and Prives, 1996) . Furthermore, using Xenopus egg extracts we were unable to detect any binding of p53 to speci®c oligonucleotides containing the p53 consensus sequences (F Tchang, data not shown).
When the c-myc reporter promoter was injected into the nucleus of ocytes with increasing quantities of Xenopus p53, a severe repression of c-myc promoter transcription was observed (Figure 6a) . A half-maximal inhibition occurs with an equivalent amount of 1.4 ng p53, and 2.5 ng p53 (6 mg/ml in the oocyte) induced 85% repression of transcription. This result is qualitatively and quantitatively in has an apparent molecular weight of 42 kDa, as described in Tchang et al. (1993) . Right panel: Sperm nuclei were injected into eggs together with biotin-dUTP to detect DNA replication. Nuclei were recovered at 15 min after injection and analysed as described in Materials and methods. Decondensing sperm nuclei were often looped, as in a and c. Nuclei were immunostained for p53 (a, c), or for RPA (e) and also stained for biotin (b, d, f) p53 function in Xenopus development F Amariglio et al agreement with the repression of transcription observed in vitro with the human c-myc promoter incubated in an HeLa cell extract (Ragimov et al., 1993) , where 7.2 ± 9.6 mg/ml p53 gave a 75% reduction in transcription. We observed a similar repression by injecting a similar amount of puri®ed human p53 into the oocyte nucleus (Figure 6b ). The repression of transcription by p53 observed in vivo in the nucleus of the oocyte is therefore not speciesspeci®c. The steady state amount of p53 in a somatic cell is almost indetectable since the protein is expressed at a low level and has a short half-life (Crawford et al., 1981; Benchimol et al., 1982) . Our data indicate that an amount of p53 equivalent to only 5% of the maternal cytoplasmic p53 stored in a single oocyte (Tchang et al., p53 PCNA RPA
Bio-dUTP Bio-dUTP Bio-dUTP Figure 3 Localization of p53 during DNA replication and mitosis. Nuclei were analysed 30 ± 40 min (a to f), 50 ± 60 min (g to j) or 80 ± 90 min (k, l) after injection. They were immunostained for p53 (a, g, k), PCNA (c, i) or RPA (e). The bottom panels display the streptavidin staining which indicates the incorporation of biotin-dUTP p53 function in Xenopus development F Amariglio et al 1993) is sucient to induce 50% repression of transcription when present in the nucleus. The localization of the store of p53 in the oocyte cytoplasm might prevent its repressive activity.
It has been proposed that interaction between p53 and the TATA binding protein (TBP) forms a mechanism for transcriptional repression (Seto et al., 1992; Chen et al., 1993; Martin et al., 1993; Truant et al., 1993) . Figure 7a shows that exogenous TBP can eectively rescue the transcriptional activity of the reporter promoter in the oocyte nucleus. When 1.4 ng p53 was injected, a 60% inhibition of transcription occurred (Figure 7a, lane 2) , but addition of 1.3 ng TBP led to a 94% recovery of transcriptional activity (Figure 7a, lane 3) . This rescue is directly dependent on the amount of exogenous TBP microinjected in the nucleus (Figure 7b) , and is eective both for human and Xenopus p53 (Figure 7b ). These data con®rm the repressive eect of Xenopus p53 when it is introduced into the oocyte nucleus and are consistent with a detrimental eect upon the basal machinery of transcription.
Discussion
The expression of the p53 protein during oogenesis combined with an increased stability of the protein itself leads to an unusual accumulation of p53 in the cytoplasm of the Xenopus oocyte (Tchang et al., 1993) . The nucleus transcribes at a high rate during oogenesis, whereas after fertilization rapid DNA replication cycles occur without transcription (reviewed in Davidson, 1986) . The aspects of transcription and replication that might account for the peculiar behaviour of p53 were therefore addressed in this study.
Microinjection of sperm nuclei into Xenopus eggs provides an ecient in vivo system for the characterization of the interaction between p53 and chromatin during DNA replication and mitosis. We show that endogenous p53 enters the nucleus as early as the ®rst Figure 4 Mean distribution of p53 within the nuclei during the cell-cycle. The distribution of the p53 immuno¯uorescence spots was analysed on a series of pictures taken at each time of the kinetics (see Materials and methods). The abscissa represents the distance between the center (0) and the nuclear envelope (100). For each nucleus, a histogram de®nes the relative number of spots along the abscissa. We show here the calculated mean of these individual histograms, at three dierent times. The ordinate gives the probability of ®nding a p53 spot at each value of the abscissa. The probabilities are independent from one another (the sum of the peaks of each histogram may be more than 1). Panels a, b and c show the distribution of p53 15 min, 30 min and 50 ± 60 min, respectively, after injection . After 2 h of incubation, RNAs were extracted and analysed as described in Materials and methods. M is the same DNA marker as in Figure 6 p53 function in Xenopus development F Amariglio et al cell cycle that follows activation of the egg. A succession of discrete sub-nuclear localizations of p53 is observed and occurs in a rigorous order during the onset of S phase. p53 locates ®rst at the nuclear periphery, before DNA synthesis is detected, and then inside the nucleus, presumably soon after initiation, since inhibition of DNA polymerase a by aphidicolin blocks the perinuclear distribution of p53. We did not observe any superimposition of p53 and RPA staining at any stage of the cell cycle. Such an interaction may occur outside the foci of p53 or RPA, perhaps in a soluble form indetectable in the nucleus. Nevertheless, not only it is clear that there is no association between p53 and RPA centers, but also we observed no co-localization of p53 with PCNA or DNA replication foci during the S-phase. In Xenopus, a C-terminal truncated form of human p53 can inhibit DNA replication in vitro but full length p53 cannot (Cox et al., 1995) and no direct eect on genomic DNA replication has been reported so far in any other systems. This is in agreement with our observations, but does not formally exclude the participation of p53 in the process of DNA replication. The only characterized repressive eect of p53 on DNA replication is that observed on SV40 and polyomavirus DNA replication, these latter both being dependent on an initiator protein, T antigen, and a sequence speci®c origin of DNA replication (Gannon and Lane, 1987; Sturzbecher et al., 1988; Kienzle et al., 1989; Wang et al., 1989; Friedman et al., 1990; Miyamoto et al., 1990; Miller et al., 1995) . The binding of p53 to T antigen is responsible for the repression. Interestingly, T antigen not only permits initiation of viral DNA replication, but also enables the replication of viral DNA to escape from a crucial cell control that prevents any single DNA sequence from being replicated more than once during the cell cycle. Cell cycles during early Xenopus development consist of successive S and M phases without any detectable G1 and G2 periods (Newport and Kirschner, 1982) . Xenopus early embryos therefore lack the checkpoint controls that operate in G1 and G2 in somatic cells. Nevertheless, prevention of both rereplication during S-phase and premature re-entry into S-phase during M-phase is strict in the embryo. The eect of p53 on such a control might not require direct binding to replication foci, and could be consistent with both the presence of p53 at a high level during the early stages of development, when DNA replication is accelerated and the nuclear distribution of p53 during the cell cycle. Observations showing that mutations or de®ciency of p53 can promote genetic instability, including gene ampli®cations, argue in favour of the participation of p53 in this regulation (Donehower et al., 1992 (Donehower et al., , 1995 Livingstone et al., 1992) . Expression of wild-type p53 in cells containing mutant p53 alleles also reduced the frequency of gene ampli®cation (Yin et al., 1992) .
Our microinjection experiments using puri®ed Xenopus p53 in Xenopus eggs had no detectable eect on embryonic development (Tchang and MeÂ chali, unpublished) , which concords with the observation that a large pool of p53 is already present in the egg. In contrast, injection into the nucleus of the oocyte of an amount of Xenopus p53 equivalent to only 5 ± 10% of the normal endogenous maternal p53 store is sucient to repress transcription in the oocyte and this repression is rescued by coinjection of exogenous TBP. Interestingly, the amount of p53 injected into the oocyte nucleus is similar to that found in the nuclear compartment during early development (F Tchang, unpublished data) . These data con®rm in vivo, in the context of the oocyte, the repressive eect of p53, previously observed in vitro, on basal transcription occurring either by a direct interaction with TBP or through interactions with TBP-associated factors (reviewed in Ko and Prives, 1996) . These observations suggest that nuclear exclusion of p53 during oogenesis may be necessary to inactivate its transcriptional activity and to permit full transcription of maternal genes. A related regulation of p53 expression has been reported in breast cancer cells (Moll et al., 1992; Takahashi and Suzuki, 1994) where the exclusion of p53 from the nucleus to the cytoplasm could be a pathway to its inactivation. At oocyte maturation, transcription is arrested. During this stage, the nuclear envelope is disrupted and p53 can thus access chromatin. Transcriptional repression during early development is mainly due to a dynamic competition between the histones massively present in the egg, and which dominantly repress the assembly of transcription complexes (Prioleau et al., 1994 (Prioleau et al., , 1995 . This repression phenomenon aects all types of promoters. However, the import of p53 into the embryonic nuclei during the cell cycle suggests a possible additional constraint to transcriptional repression during early development.
Materials and methods
Oocyte injections
The Xenopus c-myc promoter-containing plasmid, c-myc (6 ± 9) plasmid, was a gift from G Spohr (Modak et al., 1993) . Its transcriptional activity in oocytes was described in Prioleau et al. (1994) . It contains sequences 7158 to +46 of the Xenopus c-myc promoter and does not contain the reported p53 consensus binding transactivating elements (Ko and Prives, 1996) .
Template DNA (0.75 ng) were injected with or without Xenopus or human p53 into a buer containing 10 mM Tris pH 7.5, 5 mM NaCl, 0.5 mM EDTA, 25% glycerol. 25 nl of injection mix was injected into germinal vesicles as previously described (Prioleau et al., 1995) . Seventeen to 30 oocytes were injected per experimental point. Injected oocytes were transferred to 16MBSH-4% Ficoll (MBSH: 10 mM HEPES pH 7.6, 88 mM NaCl, 1 mM KCl, 2.5 mM NaHCO 3 , 0.82 mM MgSO 4 , 0.41 mM CaCl 2 , 0.33 mM Ca(NO 3 )/ 2 ) and allowed to incubate at 208C.
The recombinant yeast TBP was a gift from A Sentenac and was judged to be more than 90% pure by SDS ± PAGE (Prioleau et al., 1994) .
Human and Xenopus p53 were puri®ed from insect cells infected with a recombinant baculovirus. p53 was evaluated by Coomassie staining to be 70% pure.
Transcription analysis of the c-myc promoter
After an incubation of 2 h at 208C in 16MBSH-4% Ficoll, oocytes were homogenized in 0.2 ml of 30 mM EDTA, 1% SDS, 0.5% Triton X-100 and incubated at 458C for 1 h with 1 mg/ml proteinase K. The homogenates were extracted once with guanidine and phenol/chloroform and once with cloroform-isoamylalcohol 24 : 1 and then ethanol precipitated.
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Primer extension was performed with a 20-mer oligonucleotide primer speci®c for the CAT coding sequence (Principaud and Spohr, 1991) as previously described (Prioleau et al., 1994) .
Microinjection of sperm nuclei into Xenopus eggs
Sperm nuclei prepared essentially according to Lohka and Masui (1983) were injected into freshly laid eggs after dejelli®cation. Injections were processed as described by CoueÂ et al. (1996) . Injected eggs were incubated at 208C in 16MBSH-4% Ficoll until harvesting.
Analysis of DNA replication
For kinetic studies, 300 sperm nuclei in 50 nl of injection buer (15 mM HEPES pH 7.6, 90 mM NaCl, 1 mM KCl) containing 1.5 mCi/ml [ 32 P]dATP were injected per egg. For density substitution experiments, 0.3 nmoles Br-dUTP was added. After dierent times of incubation, eggs were homogenized in 20 ml per egg of extract buer (20 mM Tris pH 7.9, 30 mM EDTA, 1% SDS, 0.5% Triton X 100) and incubated for 1 h at 458C with 750 mg/ml proteinase K. To measure incorporation into acid-insoluble material, aliquots were spotted onto Whatman GF/C glass ®ber ®lters, TCA precipitated, washed in ethanol, and then dried and counted.
For density substitution experiments, the DNA was extracted, ethanol precipitated, then separated from free label on a chroma spin TE-100 column (Clonetech). EcoRI digestion was performed and the DNA products were loaded onto CsCl gradients and centrifuged for 44 h at 35 K (208C) in a 50 Ti rotor, as described in MeÂ chali and Kearsey (1984) . 150 ml fractions were collected and counted.
Microscopy
Eggs were injected with 300 sperm nuclei into 50 nl of injection buer containing 7.5 mM biotin-dUTP. For aphidicolin blocks, eggs were pre-incubated in 0.56HSB ± 100 mg/ml aphidicolin for 1 h and then injected with 50 nl of injection buer containing 300 sperm nuclei, 7.5 mM biotin-dUTP and 25 mg/ml aphidicolin. About 30 eggs per experimental point were injected. After dierent times of incubation, the eggs were crushed by centrifugation at 14 000 g for 7 min at 48C. The supernatant containing the nuclei was collected and the latter were ®xed by diluting the extract tenfold with 3.7% formaldehyde in 15 mM HEPES, 60 mM KCl, 15 mM NaCl, 1 mM b-mercaptoethanol, pH 7.4. After 15 min at room temperature, the nuclei were overlaid onto a cushion made of 0.8 M sucrose in the same buer and spun onto glass coverslips by a 4000 g centrifugation. Coverslips were post-®xed 10 min at 7208C in methanol and then incubated with either an anti p53 antibody (Tchang et al., 1993) , or an anti PCNA antidbody (kindly provided by R Bravo) or an anti-RPA antibody (kindly provided by U Laemmli). A second incubation with an FITC conjugated anti-rabbit secondary IgG was then processed. Biotin dUTP incorporation into replicating DNA was detected by streptavidin coupled to Texas Red. Samples were mounted on slides with citi¯uor and examined with a BDS video microscope (Biological Detection Systems, Inc., Pittsburgh, Pennsylvania). This system is based on a Zeiss Axiovert 135 epi¯uorescence microscope equipped with a cooled CDD camera (Photometrics Ltd, Tuscon, Arizona).
To quantify the immuno¯uorescence signals, we analysed a series of pictures taken at dierent times during incubation in egg extracts and measured the number of¯uorescent spots on an Indigo 400 entry work station (SiliconGraphics, USA) using Visilog 4.1.1 software (Noesis, France).
